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Introduction
Differentiation of odontoblasts during dentinogen-
esis is the result of an interaction between ectomes-
enchymal components of the tooth germ.1 In the 
crown portion, odontoblasts differentiate from the 
ectomesenchymal dental papilla and form the first 
dentin. Cells in the inner dental epithelium then 
differentiate into ameloblasts and initiate amelo-
genesis. As a result, a fairly distinct border exists 
between the enamel and dentin. A similar course 
occurs in the root. As soon as dentinogenesis begins, 
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Hertwig root sheath disintegrates. Cementoblasts 
then differentiate from the dental sac to form ce-
mentum, but the border between the dentin and 
cementum is indistinct. Despite marked differences 
in their relations to neighboring tissues, the crown 
and root dentin are generally considered to be simi-
lar or identical.
Studies of dentin structure date back to the early 
history of light microscopy.2 A wide range of tech-
niques have been used to reveal its detailed struc-
ture, including histochemistry,3 immunofluorescence 
microscopy,4 various types of light microscopy such 
as polarized,5 phase-contrast and interference mi-
croscopy,6 microradiography,7 and transmission8 and 
scanning electron microscopy (SEM).9 But most stud-
ies focused on the crown dentin, and relatively few 
examined structural differences between the crown 
and root dentin.10
Understanding the microstructure of the dentin 
can provide a basis for improved understanding of 
the correlation between its structure and proper-
ties. Dentin bonding in root canals has become a 
recent trend in endodontics.11 However, detailed 
knowledge about the microstructure of root dentin 
is still inadequate. Therefore, the purpose of this 
study was to compare the density and diameter of 
dentinal tubules and peritubular dentin thickness 
of the crown and root dentin by SEM as a basis for 
a dentin adhesion study.
Materials and methods
Ten caries-free human lower first molars, extracted 
in the dental department of National Taiwan Uni-
versity Hospital due to periodontal reasons from pa-
tients at the ages of 34−56 years, were preserved in 
normal saline at 4ºC. Each tooth was split into four 
specimens with a chisel and hammer, including the 
chamber roof, the distal aspect of the chamber wall, 
the distal aspect of the distal root coronal portion, 
and the distal aspect of the distal root middle por-
tion (Fig. 1). Specimens were thoroughly rinsed with 
distilled water, and immediately immersed in 5.25% 
NaOCl for 30 minutes. After several thorough washes 
with distilled water, they were sequentially dehy-
drated in an alcoholic series and dried in a desicca-
tor for 24 hours. Specimens were mounted on stubs 
with the split surface face up, using carbon conduc-
tive tapes. Specimens were sputter-coated with gold 
by vacuum-coating equipment (Bio-Rad SC502; Fisons 
plc, UK), and examined under a SEM (Topcon ABT-60; 
Topcon, Tokyo, Japan). Each specimen was divided 
into inner dentin (within 200 μm from the pulpal sur-
face), middle dentin (between the inner and outer 
dentin), and outer dentin (within 200 μm of the 
dentine−cementum junction). The dentin tubule den-
sity was calculated under 500× magnification (15 kV; 
working distance, 15 mm) by counting tubule num-
bers crossing an imaginary 200-μm line perpendic-
ular to the long axis of the dentinal tubules (Fig. 2). 
The diameter of the tubules and thickness of the 
peritubular dentin were observed under 3000× mag-
nification (15 kV; working distance, 15 mm) (Fig. 2). 
Probability values were computed using Friedman’s 
nonparametric related sample test, and Wilcoxon 
nonparametric signed rank test with the Bonferroni 
procedure was used for post hoc comparisons.
Results
Fig. 3 shows unprepared pulpal surfaces in four dif-
ferent dentin areas. Treatment with 5.25% NaOCl 
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Fig. 1 Diagram of a tooth showing the selected areas to be examined. C = cementum; E = enamel; I = inner dentin; M = mid-
dle dentin; O = outer dentin; P = dental pulp.
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removed the unmineralized predentin layer reveal-
ing the underlying dentinal tubules which were or-
ganized into calcospherites. The appearance of the 
calcospherites in the chamber roof (Fig. 3A) was less 
apparent compared with other areas.
Fig. 4 demonstrates the split surface of the den-
tin. Dentinal tubules had heterogeneous densities 
in different parts. In the inner dentin (Fig. 4A, C, E 
and G), tubules were highly concentrated in both 
the crown and root parts, whereas they became 
A B
Fig. 2 Scanning electron micrograph illustrating the way to calculate the dentinal tubule density and structures to be 
examined. (A) Counting tubule number crossing an imaginary 200-μm line (white line) as N, then tubule density of this area 
is [(N/200) × 103]2/mm2. (B) Structures to be examined. I = intertubular dentin; P = peritubular dentin; T = dentinal tubule.
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Fig. 3 Unprepared pulpal surfaces of dentin under 3000× scanning electron microscopy examination. (A) Chamber 
roof; (B) chamber wall; (C) coronal root; (D) middle root. After NaOCl treatment, the predentin was removed to show 
the underlying mineralized spherical dentin matrix (calcospherites).
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Fig. 4 Split dentin surfaces under 3000× scanning electron microscopy examination. (A) Inner portion of chamber roof; 
(B) outer portion of chamber roof; (C) inner portion of chamber wall; (D) outer portion of chamber wall; (E) inner portion 
of coronal root; (F) outer portion of coronal root; (G) inner portion of middle root; (H) outer portion of middle root. 
The tubular density was significantly higher in the inner dentin (A, C, E and G) than in the outer dentin (B, D, F and H).
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much sparser in the outer dentin (Fig. 4B, D, F and H). 
Compared with the apparent peritubular dentin with 
its smooth tubule lumen in the crown parts (Fig. 
4A−D), the peritubular dentin was indistinct in the 
root parts (Fig. 4E−H), permitting the reticular fi-
bril nature of the dentin matrix to be seen.
The average diameter and density of the denti-
nal tubules and the peritubular dentin thickness 
are shown in Tables 1, 2 and 3. The difference in 
the density of tubules from the outside inward was 
more marked in crown parts than in the root. It was 
significantly greater in the crown part than in the 
root for the middle and inner dentin (Tables 1 and 4). 
Tubule diameters of the inner, middle and outer 
dentin did not show significant differences (Table 2). 
The peritubular dentin thickness was significantly 
Table 1. Density of dentinal tubules (n = 10)*
 Chamber roof Chamber wall Coronal root  Middle root
 P†
 (/mm2) (/mm2) (/mm2) (/mm2)
Inner dentin 52,900 66,313 39,013 42,050 < 0.001
 (49,019−57,600) (61,275−70,300) (34,731−44,631) (36,100−46,769)
Middle dentin 34,250 30,625 11,563 12,663 < 0.001
 (24,456−39,025) (26,575−38,519) (8575−15,944) (8794−15,944)
Outer dentin 7663 7250 7250 6400  0.30
 (5625−9525) (5444−12,675) (6206−9269) (5625−7225)
*Data are presented as median (25th−75th percentiles); †probability values were computed by Friedman’s nonparametric test for 
multiple related samples.
Table 2. Average diameter of dentinal tubules (n = 10)*
 Chamber roof (μm) Chamber wall (μm) Coronal root (μm) Middle root (/mm2) P†
Inner dentin 1.90 (1.80−2.23) 1.90 (1.75−2.20) 1.80 (1.65−2.10) 1.80 (1.58−2.23) 0.52
Middle dentin 1.40 (1.20−1.53)  1.45 (1.20−1.53)  1.55 (1.38−1.73)  1.55 (1.28−1.80) 0.42
Outer dentin 0.70 (0.60−1.03) 1.10 (0.80−1.20) 1.00 (0.70−1.28) 1.35 (0.95−1.53) 0.08
*Data are presented as the median (25th−75th percentiles); †probability values were computed by Friedman’s nonparametric 
test for multiple related samples.
Table 3. Average width of peritubular dentin (n = 10)*
 Chamber roof (μm) Chamber wall (μm) Coronal root (μm) Middle root (/mm2) P†
Inner dentin 0.45 (0.08−0.60) 0.00 (0.00−0.25) 0.00 (0.00−0.33) 0.00 (0.00−0.23) 0.01
Middle dentin 0.60 (0.28−1.00) 0.50 (0.15−0.65) 0.20 (0.00−0.50) 0.20 (0.00−0.45) 0.01
Outer dentin 1.20 (0.95−1.45)  0.70 (0.40−1.00)  0.70 (0.55−1.05)  0.40 (0.00−0.85) 0.004
*Data are presented as the median (25th−75th percentiles); †probability values were computed by Friedman’s nonparametric 
test for multiple related samples.
Table 4. Density of dentinal tubules (post hoc comparisons)*
 Inner dentin Middle dentin
 Chamber roof Chamber wall Coronal root Chamber roof Chamber wall Coronal root
Chamber wall †   NS
Coronal root † †  † †
Middle root † † NS † † NS
*Post hoc multiple comparisons were performed using Wilcoxon nonparametric signed-rank test with the Bonferroni procedure; 
†P < 0.008 indicating a significant difference in the post hoc multiple comparisons. NS = not significant.
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higher in the chamber roof than in other areas of 
the tooth (Tables 3 and 5).
Discussion
Estimates of the diameter of tubules, the thickness 
of the peritubular dentin, and the tubule density 
were made in a number of studies.12,13 In our study, 
the tubule density, diameter, and peritubular den-
tin thickness of the crown dentin grossly agreed with 
values reported by previous studies. The tubule den-
sities were about 54,000/mm2 in the inner dentin, 
30,000/mm2 in the middle dentin, and 8000/mm2 
in the outer dentin. Tubule diameters were about 
1.9 μm in the inner dentin, 1.4 μm in the middle den-
tin, and 1.2 μm in the outer dentin. Bonding to the 
apical one-third of the root canal is problematic,11,14 
and because of greater variations in this portion, 
the apical one-third of the root was not included in 
this study.
The convergence of dentinal tubules from the 
outer to inner dentin in the root dentin was similar 
to that in the crown dentin. But differences between 
the inner and outer dentin were more marked in the 
crown than in the root. Since both the tubule den-
sity and peritubular dentin thickness were greater 
in the crown than in the root, the proportion of the 
tubular area in the root dentin was lower, and there 
was less peritubular dentin lining the root dentin 
than the crown dentin.
With the rigidity of a root weakened by endodon-
tic and restorative instrumentation,15,16 the sealing 
quality and tooth strengthening potential are im-
portant issues. To reinforce the roots, the modulus of 
elasticity of a canal restoration material would need 
to approximate that of dentin (i.e., 18,000 MPa).17,18 
Restoration of root canal-treated teeth with adhe-
sive restorations offers many advantages over the use 
of traditional, non-adhesive materials. For instance, 
bonded resins (with an approximate modulus of elas-
ticity of 16,000−25,000 MPa) permit transmission of 
functional stresses across the bonded interface to 
the tooth,16 with the potential to reinforce a weak-
ened tooth structure.16,18 When properly using adhe-
sive materials, there is usually no gap between these 
materials and the tooth structure, greatly reducing 
microleakage. Application of adhesives to acid-etched 
dentin creates an acid-resistant, resin-infiltrated 
collagen layer, the so-called hybrid layer that not 
only retains composites to dentin, but also can seal 
dentin from fluids.19
Different studies showed marked variations in 
the reported dentin bond strengths when compar-
ing the crown dentin and root dentin. Some au-
thors reported higher bond strengths to dentin in 
the root,20,21 while others reported lower bond 
strengths.14,22 These variations might be associated 
with differences in the size of the prepared surfaces, 
the presence of a smear layer, the density of tubules, 
the direction of tubules on the prepared surfaces 
(i.e., cross-sectioned or longitudinally sectioned or 
somewhere in between), variations in the intricate 
branching system, and the presence of highly min-
eralized peritubular dentin. Thus, testing of the bond 
strength between a material and a dentin substrate 
is of limited value if the structure of the dentin sam-
ple is not characterized. Detailed information of the 
dentin microstructure is essential in order to inter-
pret data from investigations on dentin adhesive 
materials.
Dentin bonding procedures distinctly differ from 
those of bonding to enamel. Resin tags at the enamel 
restoration interface improve mechanical bonding; 
however, this is less important in dentin bonding. 
The retention of a dentin−resin interface is mostly 
provided by the hybrid layer formed with the col-
lagen matrix in the intertubular dentin.23,24 The 
process of hybridization is believed to result from 
the infiltration of the primer into the open spatial 
network in the collagen matrix exposed by dentin 
demineralization. A slightly moist environment dur-
ing bonding improves the bond strength, and this 
procedure has become identified as wet bonding 
to dentin.25 Because of the hydrophilic nature of 
this matrix, we suggest using a hydrophilic bonding 
Table 5. Average width of peritubular dentin (post hoc comparisons)*
 Inner dentin Middle dentin Outer dentin
 Chamber Chamber Coronal Chamber Chamber Coronal Chamber Chamber Coronal
 roof wall root roof wall root roof wall root
Chamber wall †   NS   ‡
Coronal root NS NS  † NS  † NS
Middle root † NS NS NS NS NS ‡ NS NS
*Post hoc multiple comparisons were performed using Wilcoxon nonparametric signed rank test with the Bonferroni procedure; 
†P < 0.05 indicating a significant difference in post hoc multiple comparisons without adjusting for the type I error rate; ‡P < 0.008 
indicating a significant difference in the post hoc multiple comparisons. NS = not significant.
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system rather than a hydrophobic bonding system 
in root canals. Although the bonding surface in root 
canals has less tubular area for resin tag infiltra-
tion, there is more intertubular dentin area with 
abundant collagen matrix for hybrid layer forma-
tion. According to the morphologic characteristics 
of root dentin observed in our study, it is potentially 
beneficial to focus on the quality of the hybrid layer 
to improve resin bonding in the root dentin. Efforts 
to achieve a stronger resin tag seem to be of less 
importance.
In addition to structural differences between root 
dentin and crown dentin, there are other factors, 
such as an unfavorable geometry, performance 
difficulties, curing depth, potential interference 
of adhesive materials with irrigation solutions, and 
medicaments in root canals, that make bonding of 
the root canal system a challenge. Further research 
and material development are mandatory.
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